We report the ultraviolet laser-induced absorption spectra and refractive index changes in bismuth-based silicate glass. A positive maximum refractive index change of 6×10 −4 has been observed in bismuth-based silicate glass upon exposure to a pulsed 248 nm KrF excimer laser. It is also seen that the changes in the absorbance and refractive index are strongly dependent on glass melting conditions.
The discovery of a light-induced refractive index grating within a Ge-doped core of silica optical fibre by Hill et al [1] in 1978 began an intense period of research activity in the area of photosensitivity in oxide glasses and fibres [2] . Since then Ge has been considered as the most effective photosensitive element to increase the photosensitivity of silicate glasses [3] . Later, B, Sn, Ce 3+ , Eu 3+ , etc have been used for enhancing the photosensitivity of glasses and fibres [4] . Meanwhile, much effort has been devoted to search for new photosensitive materials [5] . Recently, large refractive index changes have been obtained in various glass systems containing PbO, such as lead-tin-fluorophosphate [6] , lead-germanate [7] and leadsilicate [8] . The maximum refractive index change of 0.21 in the high lead-content silicate glass has been achieved by exposure to 266 nm ultraviolet (UV) light [9] . It is well known that both lead and bismuth are elements of high atomic weight and these two ions have the same electronic structure and similar polarization. Besides, the most important fact is that bismuth behaves similarly to lead in glasses; that is, at low contents Pb 2+ and Bi 3+ act as network modifiers, and at high contents as network formers [10] . From the viewpoint of the similarity between lead and bismuth, glasses containing Bi 2 O 3 might be expected to have similarly good photosensitivity as PbO-based glasses.
On the other hand, rare-earth ion doped bismuth-based glasses and fibres have been widely investigated for their potential applications in optical amplifiers and lasers [11] . Compared with silica glass, the bismuth-based glass has high 3 Author to whom any correspondence should be addressed. solubility of rare-earth ions, of up to 13 000 ppm [12] , and it shortens the fibre length significantly. Recently, the Asahi Glass Co., Ltd has produced a bismuth-based erbium-doped fibre, which can be tailored to extend the L band using 1480 nm pumping, and 60 nm of 3 dB bandwith has been realized. Moreover, a relatively low splicing loss, less than 0.5 dB, between the bismuth and silica fibres has been achieved. If the Bragg grating could be fabricated in the localized areas of the active fibre, then the sizes of optical devices could be minimized. Compactness and integration have been the main trends of next generation photonic devices.
In this work, we report for the first time, to the best of our knowledge, the observation of changes in the absorption spectra and refractive index of bismuth-based silicate glass on exposure to a pulsed 248 nm KrF excimer laser. The dependence of refractive index change on glass melting conditions has been investigated.
Bismuth-based glass samples were prepared using the melt-quenching method. Powders of Na 2 CO 3 , Bi 2 O 3 and silica with high purity of 99.999% were used as raw materials. Batches of 300 g were melted in a quartz crucible in a furnace at a temperature of 1250˚C for 4 h. During melting, dry oxygen and nitrogen gases were blown into the liquid. Then, the liquid was stirred using a platinum rod and the corresponding gases were used as protection gas. The homogeneous bubble-free melts were cast on a stainless plate and annealed in a muffle furnace near the glass transition temperature for 2 h and then cooled at a rate of 5˚C h −1 to remove the thermal stress of the glass. The samples were cut using a low-speed diamond for optical measurements. UV irradiation of the samples was done using a KrF excimer laser operating at 248 nm with 400 mJ cm −2 /pulse at a 10 Hz repetition rate. Ultraviolet-visible (UV-Vis) absorption spectra were obtained on a HP8453 spectroscope with a resolution of 1 nm. The refractive index of samples at wavelengths of 632.8 and 1550 nm for both transverse electric (TE) and transverse magnetic (TM) polarization was measured with a commercial instrument using the prismcoupling method (Metricon Model 2010 Prism Coupler) with an accuracy of 2 × 10 −5 . The bismuth-silicate glasses prepared are clear and transparent, with a pale yellow colour under an oxygen atmosphere and a deep yellow under a nitrogen atmosphere. After exposure to the 248 nm excimer laser both glasses become the same shade of brown. Figures 1(a) and (b) show the optical absorption spectra for these two glass samples before and after exposure. A significant difference in the UV-response between the two glasses is clearly observed. The sample prepared under an oxygen atmosphere exhibits a broad-band darkening in the UV-Vis portion of the absorption spectra, while photo-induced darkening is slight in the glass samples prepared under nitrogen atmosphere. Figure 2 shows the refractive index changes of oxygenprotected bismuth-silicate glass on the exposure time. The index modulation, when writing with a pulse intensity of 30 mJ cm −2 , reaches a maximum after 10 min, up to 3.0 × 10 −4 at 632.8 nm and 2.1 × 10 −4 at 1550 nm. The increase of single pulse energy accelerates the process of refractive index modulation. Only after a 5-min exposure with a pulse intensity of 400 mJ cm −2 does the refractive index reach a maximum value, as shown in figure 3 . Further irradiation of the glass sample leads to a complete erasure of the refractive index modulation and then to the re-increase in refractive index. This behaviour is similar to the type II A photosensitivity of germanium-doped silica fibres. Two local reactions were proposed in the Ge-doped silica fibre to account for the refractive index evolution with exposure time [13] . The first reaction erases and produces some defects or chemical species that lead to a positive change in the refractive index, whereas the second reaction produces a negative change. In the bismuth oxide glasses, various defects such as excess O ions, positive-hole on O ions and Bi vacancies have been observed [14] . UV exposure changes the properties of the bismuth-based silicate glass and it is possible to introduce new electronic transitions of defects (colour centres). The localized electronic excitations of defects give rise to the photosensitivity of glasses.
The colour centre model is one of the most widely used models to explain the refractive index modulation. It assumes that the change in refractive index originates from the photoinduced changes in the absorption spectrum. According to the colour centre model, the photo-induced refractive index change can be calculated through the Kramers-Kronig relationship [15] :
where α(λ) is the variation of the excess loss at any wavelength and n(λ) is the refractive index modulation. Owing to equation (1), the variation of refractive index change n(λ) in the bismuth-based glass was calculated at each exposure time. The maximum variation in refractive index at 632.8 nm remains lower than 1 × 10 −6 . This value is far lower than can be detected within our experimental accuracy. The calculation reported above clearly demonstrates that colour centres cannot account for the photosensitivity in bismuth-based silicate glass. Poumellec et al [16] showed a volume compaction associated with grating inscription in the Ge : SiO 2 preform. Recently, Contardi et al [8] also found that the photosensitivity of lead-silicate glass arises from the volume effect. According to the similarity of Bi and Pb, we assume that UV exposure probably induces the volume changes in bismuth glass. Further investigations are in progress to elucidate the photosensitive mechanism of bismuth glasses. Figure 4 shows the refractive index changes of bismuthsilicate glass prepared in a flow nitrogen atmosphere. Only after 2 min exposure to a UV beam at 30 mJ cm −2 /pulse does the maximum refractive index change, reaching as high a value as 6 × 10 −4 at 1550 nm, which is comparable to that of B/Ge co-doped silica [4] and is two times larger than that of oxidizing melting bismuth glass. One possible mechanism for the enhanced photosensitivity is that the presence of nitrogen alters the normal glass structure and forms Si or Bi oxynitride glasses. Similar phenomena were observed in nitrogen-doped germanate-silicate glasses [17] .
In summary, the refractive index changes have been directly observed in bismuth-based silicate glasses by exposure to a pulsed 248 nm KrF excimer laser. The bismuth glass prepared under oxidizing melting conditions has a maximum refractive index change of 2.1 × 10 −4 , whereas a positive maximum refractive index change of 6 × 10 −4 has been obtained in the glass prepared in a nitrogen atmosphere. The value of 6 × 10 −4 at 1550 nm is comparable to that in the B/Ge co-doped silica fibre and larger than that of the single Ge-doped silica fibre.
